Nerve Nerve cell function depends upon appropriate contacts between the neuron and other cells in its immediate environment (1). These include specialized glial cells, oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous system, which ensheathe the neuronal axon with myelin, an insulating structure of multilayered membranes (2). Myelin is required for efficient nerve impulse conduction but has other profound biological effects. The inability of nerves to regenerate after CNS injury in adults may be due largely to the axon's inability to grow when in contact with CNS myelin (3, 4) . Identification of the cell-surface constituents on neuronal axons and myelin membranes that interact with each other to control cell behavior may facilitate efforts to enhance nerve regeneration as well as modulate myelination.
Nerve cell function depends upon appropriate contacts between the neuron and other cells in its immediate environment (1) . These include specialized glial cells, oligodendrocytes in the central nervous system (CNS) and Schwann cells in the peripheral nervous system, which ensheathe the neuronal axon with myelin, an insulating structure of multilayered membranes (2) . Myelin is required for efficient nerve impulse conduction but has other profound biological effects. The inability of nerves to regenerate after CNS injury in adults may be due largely to the axon's inability to grow when in contact with CNS myelin (3, 4) . Identification of the cell-surface constituents on neuronal axons and myelin membranes that interact with each other to control cell behavior may facilitate efforts to enhance nerve regeneration as well as modulate myelination.
Myelin-associated glycoprotein (MAG), a quantitatively minor protein constituent of CNS (1%) and peripheral nervous system (0.1%) myelin, is implicated in myelin-axon
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interactions based on its in vivo location and in vitro binding properties. In the CNS, MAG is located exclusively on myelin membranes juxtaposed to axons, where it contributes to maintenance of the periaxonal cytoplasmic collar (5) . Purified MAG incorporated into liposomes binds specifically to neuronal processes in cell culture (6) (7) (8) . This binding is blocked by an anti-MAG monoclonal antibody (mAb 513) that also inhibits neuron-oligodendrocyte adhesion in vitro (7) .
One consequence of MAG-axon binding is inhibition of neurite outgrowth from CNS neurons. Cultured primary CNS neurons fail to extend neurites on a substratum of MAGexpressing CHO cells, whereas neurite extension proceeds readily on cells transfected with the reverse (control) construct (9) . Recombinant MAG adsorbed to a culture surface inhibits neurite outgrowth from neuroblastoma cells in culture, as does a mixture of detergent-solubilized myelin proteins (10) . Immunodepletion of MAG from the solubilized myelin proteins reduces their neurite outgrowth inhibitory activity by more than half. These data implicate MAG as a major neurite outgrowth inhibitory factor in myelin. If true, axonal ligands for MAG may be key elements controlling nerve regeneration in the CNS.
MAG is a member of the immunoglobulin superfamily with structural features related to those of other adhesion molecules (11) (12) (13) (14) . It is a transmembrane protein with a large extracellular domain consisting of five immunoglobulin-like repeats bearing broad similarity to adhesion molecules such as NCAM and close similarity to a subclass of immunoglobulinlike adhesion molecules termed the "sialoadhesin family" or "I-type lectins" (15, 16) . Sialoadhesin family members (MAG, sialoadhesin, CD22f3, and CD33) are lectins that hemagglutinate red blood cells only if they bear sialic acids in particular glycosidic linkages. MAG binds best to 2,3-linked sialic acid on a Gal(031-*3)GalNAc core structure (15) . In the nervous system, this determinant is often carried on gangliosides, a large and varied family of sialic acid-containing cell-surface glycosphingolipids (17, 18 (20) . Gan (26) .
MAG-Mediated Cell Adhesion. MAG-or control-transfected COS cells were collected from plates 36-48 hr after transfection and suspended at 2 x 105 cells per ml in Hepesbuffered DMEM containing BSA at 1 mg/ml. An aliquot of cell suspension (200 ,lI) was added to each lipid-adsorbed and preblocked microwell. Plates were incubated for 10 min at 4°C to allow cells to settle and then were transferred to 37°C for 50 min. To remove nonadherent cells after incubation, the plate was immersed, upright, in a vat of PBS, inverted, and placed in an immersed custom-designed Plexiglas box that was sealed with a gasket to exclude air. The inverted plate in its fluid-filled chamber was placed in a centrifuge carrier and centrifuged at 24 x g to gently remove nonadherent cells. The box was again immersed in a vat of PBS and the plate was removed and righted (while immersed), surface fluid was removed by aspiration, 20 ,lI of 10% Triton X-100 was added and mixed, and 80 ,l per well was removed to a fresh 96-well plate. Cell adhesion was quantitated by measuring lactate dehydrogenase (LDH) activity in the cell lysate after addition of 120 ,ul of 0.1 M potassium phosphate buffer, pH 7.0 containing 0.7 mM NADH and 4.7 mM pyruvate. The decrease in absorbance at 340 nm as a function of time was measured simultaneously in each well with a Molecular Devices UV multiwell kinetic plate reader.
RESULTS AND DISCUSSION cDNA encoding MAG was cloned into the mammalian expression vector pCDM8 in the correct orientation or in the reverse orientation (control). Plasmids were transiently transfected into COS-1 cells using a highly efficient DEAE-dextran procedure. MAG expression was confirmed by flow cytometric analysis of intact cells stained with mAb 513, which binds to a conformational epitope in the third extracellular immunoglobulin-like domain of MAG (27) . Most MAG-transfected COS cells bound mAb 513; relative fluorescence of "80% of the MAG-transfected cells ranged from 5-to 200-fold above average background fluorescence (Fig. 1) . In contrast, COS cells transfected with control plasmid were indistinguishable from background, as were MAG-or control-transfected COS cells stained with an irrelevant isotype-matched control antibody (data not shown).
MAG-transfected COS cells adhered in a concentrationdependent manner to microwell surfaces on which the ganglioside GTlb was adsorbed as an artificial membrane monolayer with phosphatidylcholine and cholesterol (Fig. 2) To confirm that MAG-mediated ganglioside adhesion depended on terminal sialic acids, microwells adsorbed with GTlb were incubated with Vibrio cholerae neuraminidase. This enzyme cleaves all a2,3-a2,6-, and a2,8-linked NeuAc residues, except the a2,3-NeuAc linked to the internal galactose on gangliosides (thereby converting GTlb to GM1, see Fig. 4 ). Neuraminidase-treated microwells did not support adhesion of MAG-transfected cells, whereas control-treated microwells supported adhesion (Fig. 5A) . Recovery and analysis of the gangliosides from selected neuraminidase-treated microwells confirmed that enzyme pretreatment did not desorb gangliosides from the wells and that the enzyme converted most of the GTlb to GM1 (with no GDla or GDlb detected, data not shown). Very little (<0.02%) of the neuraminidase activity remained associated with the wells after pretreatment and washing before cell addition (measured on selected wells using the colorimetric substrate p-nitrophenyl-a-N-acetylneuraminic acid). Furthermore, pretreatment of the MAGtransfected COS cells with neuraminidase did not reduce their subsequent adhesion to ganglioside-adsorbed microwells. Therefore, the terminal sialic acids on the adsorbed gangliosides are required to support adhesion of MAG-transfected COS cells.
Pretreatment of MAG-transfected COS cells with mAb 513, which blocks MAG-liposome binding to neurons in culture and inhibits oligodendrocyte-neuron binding (6) (7) (8) , blocked MAG-mediated cell adhesion to GTlb-adsorbed surfaces ( Fig. 2 . The wells were washed with water and incubated for 10 min at 37°C in neuraminidase buffer (154 mM NaCl/4 mM CaCl2/50 mM sodium acetate, pH 5.5) with or without V. cholerae neuraminidase (Calbiochem) at 0.3 unit/ml. Wells were washed with water, and adhesion of MAG-transfected COS cells was measured. (B) For mAb inhibition studies, MAG-transfected COS cells (130,000 cells per ml) were preincubated for 1 hr at 0°C in Hepes-buffered DMEM containing BSA at 1 mg/ml, mAb 513 at 100 jug/ml (Boehringer Mannheim), and commercial mAb additives (0.5 mM potassium phosphate, raffinose at 5 mg/ml). Control preincubations were in the same medium without antibody or in medium containing irrelevant isotype-matched mAb (anti-human immunodeficiency virus) at 100 ,g/ml. After the wells were preblocked, medium was removed and replaced with 300 ,ul of pretreated cell suspension. binding gangliosides that are more broadly distributed and have yet to be discovered.
Considered together, the ganglioside binding data in Fig. 4 indicate that an a2,3-N-acetylneuraminic acid residue on the terminal galactose of a gangliotetraose core is the primary determinant for MAG binding, but that additional sialic acid residues at each of the two other known sites of sialylation (a2,6 to the GalNAc and a2,3 to the internal Gal) contribute meaningfully to increased binding affinity. The lack of any MAG-mediated cell adhesion to other, closely related ganglioside structures indicates a level of ganglioside-binding specificity rivaled only by cholera toxin, which binds to GM1 (35, 36) . The specificity of MAG binding and the sensitivity of that binding to a mAb directed against a neuronal cell-adhesion epitope implicate gangliosides as physiologically relevant mediators of MAG-neuron interactions and perhaps of MAGmediated control of neurite outgrowth.
Cell-surface carbohydrates have long been posited to act as cell-cell recognition molecules (37) . The discovery of the selectin family (38) and more recently the sialoadhesin (I-type lectin) family of carbohydrate-binding cell adhesion molecules (15, 16) confirms the importance of carbohydrate-protein binding in cell-cell interactions and provides new opportunities for development of therapeutic agents based on carbohydrates as cell-adhesion inhibitors. Detailed knowledge of the ganglioside determinants that support MAG recognition may provide opportunities for intervention in the control of neurite outgrowth and myelination.
